Abstract
Introduction
The response of the adult body to cutaneous wounding involves the organization of complex spatially and temporally coordinated processes to initiate rapid sealing of the site, prevention of infection and restoration of the injured tissue [1] . Re-epithelialization of skin wounds begins within hours following the injury [2] . Keratinocytes at the wound edge become activated, start to proliferate and migrate, aiming to cover the wound [3] . Within the first 2 days, a layer of epidermal cells known as the migrating epithelial tongue (MET) forms [2] . The process is essentially complete (~7-9 days following the injury) when the denuded wound bed is covered by a layer of keratinocytes, followed by the re-establishment of the stratified epidermal layer. These major organizational changes have been substantially studied with genomic and proteomic approaches.
To date, methods that directly characterize the molecular structure and spatial distribution of the newly synthesized tissue constituents have been lacking. Such information would be of particular interest for processes such as the evaluation of therapeutic modalities and the study of interfaces between native skin and 3-D skin equivalents.
Vibrational microspectroscopic imaging is becoming widely applied for analysis of complex organized systems, including cells and tissues [4] [5] [6] . Both Raman and infrared (IR) spectroscopy provide direct molecular structure information, and possess the advantages of requiring no staining, no probe molecules and (for Raman) minimal sample preparation. In addition, for Raman microscopy, spectral images may be acquired in a confocal manner. These approaches have allowed us to evaluate the permeation of drugs and enhancers into the skin and to monitor reversible solventinduced structure changes in the keratin of single corneocytes [5, 6] . In the current study, we demonstrate the feasibility of tracking changes in the spatial distribution of the major skin proteins within the first several days after wounding in an organ culture woundhealing model and of correlating these changes with immunofluorescent staining patterns and data from microarray analysis.
Materials and methods

Human organ culture wound-healing model
Human skin specimens, obtained from reduction abdominoplasty in accordance with approved institutional protocol, were used to generate acute wounds as previously described [7] . A 3- [5, 6] .
Results and discussion
Validation of the experimental protocol: IR imaging, immunofluorescent staining and gene array analysis of a healing wound
The visible image (Fig. 1A) [3] . To confirm the presence of activated keratinocytes at the wound edge in our model, we stained sections of acute wounds with K17-specific antibody. Sections of wounds and healthy skin were also stained with H&E, DAPI and K14-specific antibody (see Fig. 3 ). Keratin 17 was not present at the wound edge immediately after the wounding (Fig. 3B, 0 hr) (Fig. 3C, 0 Fig. 3 are in agreement with recent studies [9, 10] .
hr). A layer of keratinocytes covering the wound bed was also positive for K14 throughout the 4-day period indicating the presence of a basal keratin type (K14) in the MET. The immunofluorescent staining patterns shown in
A comparison of the IR imaging analysis with keratin immunofluorescent staining reported herein and previously [9, 10] suggests the following. Factor loading 1 and its corresponding score image (Fig. 2H and B, respectively) are characteristic of differentiating keratinocytes, rich in K1/10. The high-score areas of f2 (Fig. 2C) represent regions abundant in K17, whereas high scores for f3 (Fig. 2D ) depict areas rich in K14. Furthermore, the high-score areas for f4 (Fig. 2E) [9, 10] [11, 12] .
, encompassing the leading/outer edges of the MET, partially overlap high-score regions for both f2 (tip of MET) and f3 (bottom of MET extending back into nonwounded area). It follows that regions with high scores for f4 may represent areas with a higher content of both K14 and K17 consistent with the current staining and previous reports
IR imaging also reveals two distinct collagen-like factor loadings (f5 and f6, Fig. 2H ) with complementary spatial distributions (Fig. 2F and G) . The highest scores for f5 predominantly reside directly under the MET, whereas high scores for f6 are distributed throughout the dermal area including a deeper region underneath the MET. Thus, f5 may contain features specific to an early provisional matrix enabling keratinocyte migration [13] . [13] . Data obtained from microarray analysis confirm the reported changes in collagen expression 48 and 96 hrs after wounding (Table 1 ). An increase in collagen type IV was also observed as previously reported [14] . In addition, we see an increase in other collagen subtypes (see Table 1 ). However, the significance of this is yet to be determined, as these subtypes are not known as major contributors. Post-wounding, collagen I decreases ~1. 5 Fig. 5A and score images in Fig. 5B-D) . In the loading plots (Fig. 5A) Fig. 5B ) was subtracted from the average spectrum of pixels with high scores for f1. The resulting difference spectrum (Fig. 5E ) is 
In healthy skin, type I collagen is the major component of the dermal extracellular matrix (80%), while type III collagen comprises only 10%. However 48-72 hrs post-wounding, collagen III becomes the dominant collagen in the dermis
-fold compared to healthy skin and type III has a ~2.2-fold increase after 96 hrs. Overall it appears as if the observed variation in factors (or spectra) obtained from IR imaging provides useful information about the spatial and sequential distribution of keratin and collagen types during the first 6 days of the wound-healing process in our model. In addition to elucidating fundamentals of the wound-healing process, it is easy to envision the technique's potential to evaluate therapeutic interventions.
Confocal Raman microspectroscopy and gene array analysis of a healing wound
Whereas FTIR imaging samples relatively large areas of microtomed sections rapidly, Raman spectroscopy provides data in a
